The stability of rock salt structure cubic Cr 1Àx Al x N solid solutions at high Al content and high temperature has made it one of the most important materials systems for protective coating applications. We show that the strong electron correlations in a material with dynamic magnetic disorder is the underlying reason for the observed stability against isostructural decomposition. This is done by using the first-principles disordered local moments molecular dynamics technique, which allows us to simultaneously consider electronic, magnetic, and vibrational degrees of freedom. Multicomponent nitrides is a class of materials of utmost importance for protective coatings in, e.g., cutting tool applications.
1 Cr 1Àx Al x N solid solutions is together with the related Ti 1Àx Al x N system, one of the most successful materials in this respect.
2 Together with high hardness, the two systems display excellent wear and oxidation resistance. One striking difference between the two systems is that Ti 1Àx Al x N, especially with high AlN-content, exhibits spinodal decomposition into rock salt AlN and TiN-rich domains at temperatures around 800-900 C. 3 This isostructural phase separation leads first to beneficial age-hardening, but at somewhat higher temperature to decrease in hardness as AlN is transformed into the wurtzite structure. 4 Cr 1Àx Al x N, on the other hand, does not display spinodal decomposition. 5, 6 While age hardening due to spinodal decomposition is not present in Cr 1Àx Al x N, a higher amount of AlN can be solved in the cubic phase and the integrity of the cubic lattice is retained to higher temperatures making Cr 1Àx Al x N the preferred material's choice in many applications. 7 This is by virtue of the enhancement by the Al alloying of the coating's resistance to oxidation, chemical wear, and recrystallization. Recently, attempts to combine the above effects resulted in promising high hardness of TiCrAlN films at temperatures ! 1000 C. 8 Previous theoretical calculations have shown that the magnetic polarization of Cr atoms is important to consider in modeling of Cr 1Àx Al x N and when included, the driving force for decomposition was indeed found to be lower than for Ti 1Àx Al x N. 9, 10 However, a discrepancy between theory and experiments still exist as isostructural spinodal decomposition at relevant temperatures anyway was predicted by the calculations, 9 although in a more limited composition range than for Ti 1Àx Al x N. 11 Recently, it has become clear that pure CrN, in contrast to TiN, is a material where strong electron correlations, 12, 13 together with the disordered magnetism in its cubic phase 14 are of importance to understand the electronic structure [15] [16] [17] as well as its bulk modulus. [18] [19] [20] Furthermore, it has been shown that particular care must be taken when considering the disordered magnetism together with vibrations or local lattice relaxations. The reason is that a static model of Cr magnetic moments disorder will induce artificial relaxations of the atomic positions in any supercell treatment. For this reason, the disordered local moments' molecular dynamics (DLM-MD) method was developed to treat paramagnetic materials at elevated temperature by dynamically rearranging the disordered local moments during the simulation. 21 In this work, we investigate the consequences of strong electron correlations and disordered magnetism for the mixing thermodynamics of cubic Cr 1Àx Al x N solid solutions in the B1 structure. We use DLM-MD calculations 21 at 300 K and the local spin density approximation 22 together with a Hubbard coulomb term (LDA þ U) 23, 24 with the value of U ¼ 3 eV (Ref. 14) applied to the Cr 3 d-orbitals to accurately model the electronic and magnetic structure of Cr 1Àx Al x N, in addition, giving us insight in the effects of lattice vibrations. Calculations were done using the projector augmented wave method 25 as implemented in the Vienna Ab-initio Simulation Package (VASP). 26 A Monkhorst-Pack 3 Â 3 Â 3 k-point mesh was used together with an energy cut-off of 400 eV. The chemical disorder on the metal sublattice was modeled using the special quasi random structure (SQS) method. 27 2 Â 2 Â 2 conventional cubic supercells with 64 atoms were used in the MD simulations. For comparison purposes, we also performed calculations using static magnetic disorder in a 3-component (Cr " ; Cr # ; Al) 128 atom SQS approximation using both the LDA þ U and the generalized gradient approximation (GGA) for exchange and correlations effects. 28 The lattice parameters used in the DLM-MD calculations were taken from the optimal lattice spacings obtained in corresponding static calculations with the LDA þ U approximation. The difference in equilibrium lattice spacing between fully relaxed and unrelaxed lattices was found to be very small. Furthermore, thermal expansion was neglected as its impact on volume for T ¼ 300 K was found to be less than 0.2%. 21 Uncertainties in mixing enthalpies due to kpoint sampling was tested and found to be in the order of 0.1 meV/f.u, while uncertainties due to SQS size was of the order of 1 meV/f.u. for x ¼ 0.50. Our analysis of the tendencies towards isostructural cubic mixing or decomposition starts with the mixing enthalpies of the random alloys calculated at zero pressure 
where the terms on the right are the enthalpies of the Cr 1Àx Al x N disordered solid solutions, pure cubic CrN, and pure cubic AlN, respectively. To obtain these enthalpies, DLM-MD calculations at a temperature of 300 K were done for the concentrations x ¼ 0.00, 0.25, 0.50, and 0.75. Standard non-magnetic first-principles MD was performed for pure rock salt AlN. In the DLM-MD calculations, a time step of 1 fs was used while the magnetic structures were updated every 5 fs. This was done by randomly assigning either spin up or spin down to every local Cr moments in the supercell. The magnitudes of the local moments are calculated selfconsistently at every step of the MD, and are found to be close to 3 l B in all cases. The resulting potential energies from MD calculations, corresponding to the electronic total energies of the simulations, are plotted for the Cr-containing cases in Fig. 1 . The simulations were performed during 6 ps corresponding to 6000 MD time steps and 1200 different magnetic structures. The energies can be seen to oscillate around stable values with the average values converging smoothly after a short initiation time in the beginning of the simulations. We use the average energies of the last 2000 time steps in the derivation of the mixing enthalpies that thus can be determined to a statistical accuracy of about 0.5 meV/f.u. The inset of Fig. 1 for x ¼ 0.50 is a zoom in of the energies during a 60 time steps period. It illustrates how the dynamical update of magnetic structure takes care of the simultaneous averaging of both the magnetic energies, small energy jumps every 5th time step, and the magnetic structure induced forces, small changes in the energy derivatives before and after the jumps, during one single MD simulation. From these calculations, we can extract the isostructural, rock salt mixing enthalpies, Eq. (1). The mixing enthalpies of the random alloys are plotted as black circles in Fig. 2 .
They are positive but small, with a maximum value at x ¼ 0.50 of 17 meV/f.u. This can be compared to the values obtained using the GGA in Ref. 9 of 74 meV/f.u. for the same composition. For comparison, the value in the strongly clustering system Ti 0:5 Al 0:5 N was found to be about 200 meV/f.u. 11 We would like to add that for the case of coherent spinodal decomposition, a small lattice strain would work against separation.
Since the mixing enthalpies of the random alloys are small, one could consider if an ordered compound could be energetically stable. In Fig. 2 , the DLM-MD calculated mixing enthalpy of the ordered L1 1 structure, found to be stable in the isostructural Zr 0. 5 
where T is the temperature, S rand ¼ Àk B ½x ln x þ ð1 À xÞ lnð1 À xÞ is the mixing entropy per formula unit of an ideal binary solid solution and DH rand mix ðxÞ are previously calculated from DLM-MD. Temperature favors mixing and already at T ¼ 300 K, DG rand mix is close to zero for all compositions. As an illustration, we also estimate the value of DG rand mix when the temperature-entropy term is taken at 700 K, a temperature on par with physical vapor deposition synthesis of Cr 1Àx Al x N. At such a temperature, and at all higher temperatures, the isostructural mixing free energy curve is negative and convex, strongly favoring mixing. Thus, there is no thermodynamic driving force for any type of isostructural decomposition, including spinodal decomposition, in cubic Cr 1Àx Al x N at temperatures where diffusion can take place. These results are in line with the experimental observations, although the differences to previous calculations deserve discussion.
The main difference between previous studies of Cr 1Àx Al x N and the present work is that the earlier calculations were performed using the GGA approximation for exchange-correlation effects.
6,9,10,31 Another difference is 
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that previous calculations were treating lattice relaxation with a relaxation model on top of fixed lattice calculations 9 or with static magnetic orders within fully relaxed super cells. 6, 10 In Fig. 3 , we illustrate the impact of considering strong electron correlations on the level of the LDA þ U approximation as well as different treatments of the local lattice relaxation effects. The largest difference comes from the exchange-correlation approximation. GGA results give much higher values of mixing enthalpies as compared to our present calculations were the strongly correlated Cr 3 d-orbitals are treated with the LDA þ U approach. Our own test calculations with GGA, static magnetism, and relaxed lattice give enthalpies a little smaller than those of Rovere et al. 6 but still larger than our LDA þ U values without relaxations. The origin can be found in the electronic structure of pure CrN: 14 When the Cr 3 d-states are more localized they hybridize weaker with neighboring Cr-states. Thus, the introduction of Al that breaks such bonds does not give rise to as high mixing enthalpy as compared to the GGA description for which the Cr-Cr bonds are stronger.
The treatment of lattice relaxations is not straightforward in a paramagnetic alloy system such as Cr 1Àx Al x N. In any static simulation of the paramagnetic Cr moments, the magnetic-induced interatomic forces are not averaged out, as in reality. For example, pure CrN treated in a static disordered manner will display large artificial lattice relaxations if allowed to relax. 21 In pure CrN, an ideal lattice approximation can be done, 14 but for an alloy, local lattice relaxations are needed. As shown above, the DLM-MD is the ideal method to use although static relaxed supercells has been used previously. Fig. 3 shows the results on mixing enthalpies when the lattice is kept fixed, when only the alloy compositions are relaxed, and when all composition including pure CrN are allowed to relax. The comparison with the state-of-the-art DLM-MD method shows that the best agreement is obtained when the magnetic induced geometry relaxations are allowed for all concentrations, apparently due to an error cancelation of the spurious magnetic relaxation effect.
In conclusion, it is found that when the electronic and magnetic structures of Cr 1Àx Al x N are carefully considered, the cubic solid solution is stabilized with respect to isostructural decomposition at all relevant temperatures in line with experimental observations. The difference to previous work that predicted a tendency for decomposition lies mainly in the treatment of electronic correlations effects. Thus, the LDA þ U approximation is shown to treat the strong electron correlations of Cr 3 d-orbitals more accurately than the GGA functional when modeling the mixing thermodynamics of cubic Cr 1Àx Al x N. Furthermore, the DLM-MD method is shown to be a suitable tool to simulate thermodynamic properties of systems with simultaneously present compositional, magnetic, and vibrational disorders. 
